Abstract: Seed oil content is a key seed quality trait determining the economic value of rapeseed (Brassica napus L.). However, it is a complex quantitative trait controlled by multiple genes. To this point, its genetic mechanism in rapeseed remains to be revealed. In the present study, we separately identified the quantitative trait loci (QTL) controlling seed oil content of B. napus using three generations of recombinant inbred line (RIL) populations (F 4:5 , F 5:6 , and F 6:7 ) derived from a cross of two contrasting parents (M201, a high-oil parent, and M202, a low-oil parent) in four trials. The results indicated that the additive effects may be the primary factors contributing to the variation in seed oil content in B. napus. A total of 15 QTL for seed oil content were mapped. Two of them, namely qOC-A9-3 and qOC-A10, were consistently detected across two and all four environments, respectively. Meanwhile, qOC-A10 showed a large effect on phenotypic variation in seed oil content. The stability and significance of qOC-A10 was also validated in the near isogenic lines (NILs-qOC-A10) developed from the RIL population (F 4:5 ) using marker-assisted selection. The qOC-A10 is of particular interest for further fine mapping and map-based cloning.
Introduction
Rapeseed (Brassica napus L.) is one of the most important oil crops worldwide. Seed oil of rapeseed is an important source of fatty acids for human nutrition (Damude and Kinney 2008) . Additionally, the value of rapeseed oil as a primary feedstock for biodiesel production is growing rapidly (Bureau et al. 2010) . Oil content is a seed quality trait of rapeseed determining its oil production to a large extent. With greater demand for edible oil and biodiesel usage, increasing oil content still remains a major aim of genetic improvement and breeding in rapeseed.
Oil content is a typical quantitative trait that is not only controlled by multiple endogenous genetic factors, but is also influenced by environmental factors (Rahman et al. 2013) . Some efforts have been made in quantitative trait loci (QTL) mapping for oil content in rapeseed (Ecke et al. 1995; Burns et al. 2003; Zhao et al. 2005 Zhao et al. , 2006 Zhao et al. , 2008 Zhao et al. , 2012 Delourme et al. 2006; Qiu et al. 2006; Sun et al. 2012; Wang et al. 2013; Jiang et al. 2014 ) that shed light on dissecting the genetic mechanism of oil content and provide a theoretical basis to develop effective breeding methods. Most of this research has been carried out using doubled haploid (DH) populations, including DY ('Darmor-bzh' × 'Yudal') and RNSL ('Rapid' × 'NSL96/25') (Delourme et al. 2006) , TN ('Tapidor' × 'Ningyou7') (Qiu et al. 2006; Jiang et al. 2014) , SG ('Sollux' × 'Gaoyou') (Zhao et al. 2005 (Zhao et al. , 2006 (Zhao et al. , 2008 (Zhao et al. , 2012 , Z5 ('ZY036' × '51070') (Sun et al. 2012) , and KN ('KenC-8' × 'N53-2') populations. Meanwhile, only a few studies based on recombinant inbred line (RIL) population ) and intervarietal subsets of substitution lines (Burns et al. 2003) have been performed. Most of these studies exhibited only a slight difference in oil content between two parents. Recently, some studies have used parental lines with significant differences in oil content (>10%) (Sun et al. 2012; Wang et al. 2013) , which was useful to detect QTL. These studies showed that QTL for oil content were distributed on 18 of 19 B. napus chromosomes, except chromosome C4 (Ecke et al. 1995; Zhao et al. 2005 Zhao et al. , 2006 Zhao et al. , 2008 Zhao et al. , 2012 Delourme et al. 2006; Qiu et al. 2006; Sun et al. 2012; Wang et al. 2013; Jiang et al. 2014) . The number of QTL detected varied from three (Ecke et al. 1995) to 27 (Chen et al. 2010 ) and explained phenotypic variation ranging from 1.2% (Delourme et al. 2006 ) to more than 20% (Chen et al. 2010; Sun et al. 2012) . However, most of these QTL showed very small additive effects and could not be repeatedly detected across different studies. In addition, it appeared to be suggested that erucic acid content is an important determinant of seed oil content in oilseed rape (Burns et al. 2003; Qiu et al. 2006) . It has been also revealed that oil content was mainly controlled by a large number of alleles with small additive effects in other crops, such as maize (Song et al. 2004; Zhang et al. 2008; Yang et al. 2009 ) and soybean (Hyten et al. 2004) . The genetic mechanism of oil content in different oil crops could be relatively conservative.
The triacylglycerol (TAG) pathway of oil synthesis has been documented and many related genes involved in this pathway have been identified in plants (Ohlrogge and Browse 1995; Beisson et al. 2003; Baud and Lepiniec 2010) . Identification of QTL related to oil content is a suitable strategy to dissect the mechanism underlying the accumulation of oil content. For instance, in maize, one QTL, qHO6, which is associated with oil content and composition, has been cloned and was found to encode an acyl-CoA:diacylglycerol acyltransferase (DGAT1-2) that catalyzes the final step in the Kennedy pathway for TAG synthesis (Zheng et al. 2008) .
In the present study, we developed three generations of RIL populations (F 4:5 , F 5:6 , and F 6:7 ) using genetically diverse rapeseed genotypes and constructed a linkage map based on simple sequence repeat (SSR) markers. This study aimed to: (i) map QTL for oil content; (ii) estimate the number and effects of QTL and epistatic interaction underlying oil content; and (iii) develop near isogenic lines (NILs) for the major QTL using markerassisted selection (MAS).
Materials and Methods

Plant materials
'M201' is a rapeseed inbred line with high oil content developed from the crossing combination of lines '1106-3' and '7201' ('1106-3' was a rapeseed breeding line derived from the interspecific hybridization between Brassica carinata line Ch-7 and B. napus cultivar Rainbow. '7201' is a breeding line developed from rapeseed cultivar 'Huashuang3') in 2004. 'M202' is a rapeseed inbred line with low oil content developed from the crossing combination of rapeseed cultivar 'NingRs' and breeding line '981' ('981' was selected from the crossing combination of rapeseed cultivars 'Zhongyou821' and 'Huayou8') in 2004. 'M201', 'M202', and their parental lines '1106-3', '7201', and '981' were bred by our breeding group. They were crossed and their F 1 plants were selfed to construct an F 2 population. They were successively selfed to develop F 2:3 , F 3:4 , F 4:5 , F 5:6 , and F 6:7 RIL populations containing a total of 149 lines through the single seed descent (SSD) method. The F 4:5 population was used to construct genetic linkage maps while F 4:5 , F 5:6 , and F 6:7 populations were used to detect the QTL for seed oil content, respectively.
A line in RILs of F 4:5 , designated M5127-5, had heterozygous genotype with M201 and M202 alleles at the interval of the major QTL on chromosome A10, qOC-A10, for oil content, and had homozygous genotype with M201 alleles at the major QTL on A9. This RIL was selected to self and the heterogeneous inbred family (HIF) population (Tuinstra et al. 1997) , which differed at the target QTL, was developed.
Field trials and trait evaluation
The field experiment with 149 RILs (F 4:5 ) were conducted as non-randomized block with one replicate and one row per plot. and weeding and ripping were performed. At the bolting stage, 150 kg ha −1 of urea were applied to the soil. At a maturity time of early May, seeds were harvested from each plant by hand and their oil contents were measured using near-infrared reflectance spectroscopy (NIRS; Vector 22/N; Bruker). The calibration model (R 2 = 0.985, root mean square error of cross validation [RMSECV] = 0.61%) for oil content determination was developed by us through partial least squares regression (Sun et al., unpublished data) .
Molecular marker assays and linkage map construction
Two groups of SSR markers from various sources were used in assaying the polymorphisms. One group was developed by our group, prefixed by "BnEMS", "BnGMS", "BrGMS", and "BoGMS" (Cheng et al. 2009; Xu et al. 2010; Li et al. 2011; Wang et al. 2012) . The other group was obtained from the previously published studies, prefixed by "Ra", "Ol", "Na", and "Ni" (Lagercrantz et al. 1993; Lowe et al. 2002 Lowe et al. , 2004 ; http://ukcrop.net/ace/ search/BrassicaDB), "BRAS" and "CB" (Piquemal et al. 2005) , "sN", "sR", and "sS" (http://brassica.agr.gc.ca/ index_e.shtml), "BRMS" (Suwabe et al. 2002) , "BN" (Kresovich et al. 1995; Szewc-McFadden et al. 1996) , "nia", and "cnu" (Choi et al. 2007 ) and "FITO" (http:// www.osbornlab.agronomy.wisc.edu/research/maps/ssrs. html). A total of 4821 pairs of SSR primers developed by us (627 BnGMS, 1406 BoGMS, 838 BrGMS, and 1200 BnEMS primer pairs) and others (750 SSR primer pairs previously published) were used to investigate the polymorphisms between M201 and M202. Polymerase chain reactions were carried on thermal cyclers (Mycycler ™ ; BioRad).
All the SSR primers, which showed polymorphisms between parental lines M201 and M202, were subjected to construct a genetic linkage map based on RILsF 4:5 . To distinguish more than one locus generated by the same primer pair, the marker was renamed by giving an alphabetic letter following its name. For example, for two loci generated by BnGMS87, they were re-named as BnGMS87a and BnGMS87b, respectively.
Linkage analysis was performed using JoinMap3.0 (Van Ooijen and Voorrips 2001). Three parameters for grouping loci into linkage group (LG) were set as: the maximum threshold for goodness-of-fit of 5.0, the maximum recombination frequency of 0.4, and minimum logarithm of odds (LOD) scores of 2.0. All the genetic distances were expressed in centimorgan (cM) as derived by the Kosambi function (Kosambi 1944) . A χ 2 test was used to evaluate "goodness-of-fit" to the Mendelian segregation ratio for each marker in the RIL populations.
Statistical analysis and QTL mapping
The broad-sense heritability (h 2 ) of oil content was calculated with the equation of
) is genotypic variance, σ 2 e = MS e is environmental variance and n is the number of replications. Both σ 2 G and σ 2 e were calculated from variance analysis. The component of variance was estimated using SAS software (SAS Institute Inc. 1999, Rockville, MD, USA).
QTL analysis was performed using composite interval mapping (CIM) (Zeng 1994) with Windows QTL Cartographer Version 2.5 software (Wang et al. 2005) . Five significant markers, selected by a forward-backward stepwise regression analysis, were used as cofactors before QTL detection, with a 10 cM window size and P in/out = 0.05 in model 6. The cofactors were used to control the genetic background, and the likelihood of each QTL and its corresponding effect at every 2 cM interval was estimated. The LOD threshold was estimated as 2.5 for each variable in RIL populations. The QTL were assumed to be the same ones when their confidence intervals were overlapped across combinations of environments and generations.
Epistatic interactions among loci in RIL populations were estimated using QTLNetwork 2.0 (Yang et al. 2008) . The 2D genome scans were conducted with a significance threshold of P < 0.005 based on 1000 permutations.
Evaluation of qOC-A10 using heterogeneous inbred family (HIF) line
The progenies of the HIF line were genotyped using SSR markers on chromosome A10 and a local LG was then constructed. The oil content of each progeny was measured using NIRS. Interval QTL mapping was further performed with HIF data using the program of Windows QTL Cartographer Version 2.5 (Wang et al. 2005) . The effect of the target QTL for seed oil content was confirmed using t-test to compare the mean values among the homozygous and heterozygous lines.
Results
Phenotypic analysis
M201 and M202, when planted at different generations (F 4:5 , F 5:6 , and F 6:7 ) in 2008-2010, showed significant differences in seed oil content (P < 0.01). M201 exhibited significantly higher oil content than M202 did in all the environments (Table 1) .
Large variations in oil content were observed in RIL populations and they exhibited continuous distributions, suggesting that oil content is a typical quantitative trait (Fig. 1, Table 1 ). Transgressive segregation was also observed for oil content among these populations, and their averages of oil content were markedly skewed toward the high-value parent M201 (Table 1) . Furthermore, the mean values of both parental lines and RIL populations showed large difference between environments. Genetic analysis showed that the heritability of oil content in F 5:6 and F 6:7 populations was high (Table 1) , which was consistent with previous studies (Zhao et al. 2005 (Zhao et al. , 2006 Delourme et al. 2006; Wu et al. 2006) . These results suggested that seed oil content was mainly controlled by genetic factors as compared to environmental factors in these environments.
Molecular marker polymorphisms and linkage map construction
Between M201 and M202, 205 (32.70%) BnGMS, 241 (17.14%) BoGMS, 155 (18.50%) BrGMS, 260 (21.67%) BnEMS, and 195 (26.00%) public SSR primer pairs were polymorphic. The markers that showed stable amplification and clear polymorphic bands and corresponded to fewer than four loci were selected to genotype 149 RILsF 4:5 . A genetic linkage map containing 213 SSR loci was constructed, which covered a total of 1391.78 cM with an average interval of 6.53 cM (Fig. 2) . All the loci were associated with 19 LGs designated as A1-A10 for the A genome and C1-C9 for the C genome by aligning the common markers into the published maps (Suwabe et al. 2002; Lowe et al. 2004; Piquemal et al. 2005; Chen et al. 2007; Cheng et al. 2009 ). Heterozygosis ratio was analyzed with the 145 co-dominant loci, the observed heterozygosis ratio of RILsF 4:5 was 15.2%, which was not significantly different from the expected heterozygosis ratio (12.5%). Distorted segregation phenomenon was observed in RILsF 4:5 and 72 loci (33.8%) significantly distorted from the segregation ratio (P < 0.05). High segregation distortion ratios also existed in the DH populations (Delourme et al. 2006; Fan et al. 2010 ) and other RIL populations (Yang et al. 2012) reported in the previous studies.
QTL mapping for oil content in RIL populations
Genome-wide QTL analysis was carried out for each environment using CIM method. The QTL for oil content were detected in the RIL populations (F 4:5 , F 5:6 , and F 6:7 ) in 2008, 2009, and 2010, respectively. In QTL analysis for the four trials, F 4:5 -WH08, F 5:6 -WH09, F 5:6 -YC09, and F 6:7 -WH10, the QTL were located on six LGs, i.e., A1, A7, A8, A9, A10, and C2, and a total of four, six, three, and two QTL were detected in F 4:5 -WH08, F 5:6 -WH09, F 5:6 -YC09, and F 6:7 -WH10, respectively (Table 2; Fig. 2 ). The value of phenotypic variation explained by individual QTL varied from 0.19 to 17.08%.
The QTL on LG A10 were detected in all four environments. Through the comparisons of their confidence intervals, qOC08WF5-A10, qOC09WF6-A10, qOC09YF6-A10, and qOC10WF7-A10 appeared to be potentially common. Therefore, they were clustered into the same QTL and renamed as qOC-A10. This QTL could explain 5.37%-17.08% of phenotypic variation. For the QTL on LG A9, both qOC09WF6-A9-3 and qOC09YF6-A9 had overlapping confidence intervals and thus, they were renamed as qOC-A9-3. The qOC09WF6-A9-3 and qOC09YF6-A9 explained 5.10% and 9.44% of the phenotypic variation, respectively. Other QTL (qOC08WF5-A7, qOC08WF5-A9-1, qOC08WF5-A9-2, qOC09WF6-A8, qOC09WF6-A9-1, qOC09WF6-A9-2, qOC09WF6-A9-4, qOC09YF6-C2, and qOC10WF7-A1) were detected in only one environment. Except for qOC09WF6-A8 and qOC09YF6-C2, the values of additive effects of the remaining QTL were positive, suggesting that most of the alleles with the increasing oil content originate from M201.
Epistasis effects analysis of oil content in the RIL populations were carried out using the software program QTLNetwork 2.0. No significant epistatic interactions were detected in the RIL populations (data not shown), suggesting that the additive effects are the major factors affecting seed oil content in B. napus.
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Verification of qOC-A10 in the NIL population
It has been suggested that qOC-A10 is a major QTL for seed oil content based on the QTL identification in RIL populations. In order to fine map this QTL, we developed NILs using RILsF 4:5 . One plant M5127-5, in which the target region of qOC-A10 was heterozygous whereas the QTL on LG A9 was homozygous for M201, was selected to self.
Selfed progeny of M5127-5 showed continuous variation in seed oil content with a range of 31.34%-42.66% (Fig. 3) . A local linkage map was constructed using eight SSR markers for the NIL population and covered 16.63 cM. QTL analysis for oil content was also conducted for this population. The position with the largest LOD scores (9.99) was 11.21 cM and located in the confidence interval of 5.10-13.2 cM, which was similar to the region identified in RIL populations (Fig. 4) . The additive effect of the M201 allele at this QTL was 1.36. It explained 22.73% of phenotypic variation, which was larger than that in the RIL populations.
BoGMS197 was the marker closest to the position with the highest peak of qOC-A10, which was 0.06 cM apart from BoGMS197. The individuals in the NIL population were genotyped into AA (M201 homozygote), BB (M202 homozygotes), and AB (M201 and M202 heterozygote) groups, respectively. The average seed oil content of AA genotypes was significantly higher than those of other two corresponding genotypes, BB and AB, whereas the average seed oil content of BB genotypes was significantly lower than those of corresponding AB genotypes (Fig. 3, Table 3 ). These results verified the existence of qOC-A10.
Discussion
In the present study, two QTL, qOC-A9-3, and qOC-A10, for seed oil content were detected in RIL populations and mapped on LG A9 and LG A10 of B. napus across two and four environments, respectively. In addition, a number of other QTL for oil content were also identified, but they could be detected in only one environments. While Zhao et al. (2005) and Delourme et al. (2006) detected QTL for seed oil content on LG A9, their additive effects were all small (<0.5) and could not be repeatedly detected across envrionments. On LG A10, QTL for seed oil content were detected in the populations of DY (Delourme et al. 2006) , SG (Zhao et al. 2005) , TN (Qiu et al. 2006 ) and KN , respectively.
In our study, most markers used to construct genetic linkage map were previously developed by our lab (Cheng et al. 2009; Xu et al. 2010; Li et al. 2011; Wang et al. 2012) . Recently, our markers were applied in two studies on QTL mapping for oil content (Sun et al. 2012; Wang et al. 2013) . Wang et al. (2013) a QTL are designated using the trait name initials followed by "year", "location name initial", "population" and "linkage group number", which was followed by "−1,−2 : : : " to distinguish QTL on the same linkage group. e R 2 percentage of trait variance explained by the QTL.
TN (Qiu et al. 2006) , RNSL (Delourme et al. 2006) , RIL ), Z5 (Sun et al. 2012) and their own KN populations. On LG A10, DY-qOC-A10 (DY population) and KN-qOC-A10 (KN population) as consensus QTL were projected into their consensus map, respectively. The results of QTL comparison indicated that DY-qOC-A10 and KN-qOC-A10 represented different QTL. Interestingly, our marker BnGMS625 was coincident with the confidence interval of DY-qOC-A10. Although it is located in the vicinity of our qOC-A10, the relationships among DY-qOC-A10, KN-qOC-A10, and qOC-A10 still need to be further tested.
In our results, the alleles with the increasing oil content were mainly derived from the high oil parental line M201. A similar phenomenon was observed in other studies using the significantly different parents, such as RNSL, KN, and Z5 populations for QTL analysis of oil content. In studies involving two comparable parents, the numbers of the alleles with the increasing oil content from both parents were quite close, such as QTL analysis of DY, TN, and SG populations. In the present study, analysis of epistatic interactions indicated that the variations of seed oil content in RIL populations were primarily controlled by additive effects, consistent with previous studies performed in oilseed rape (Shen et al. 2005; Zhao et al. 2005; Delourme et al. 2006; Mahmood et al. 2006 ). This was further supported by the comparison of the seed oil contents with different genotypes in NILs-qOC-A10 (Table 3) . Zhao et al. (2005) and Delourme et al. (2006) indicated that the additive effects were main factors contributing to the variations of oil content. However, they showed that epistatic effects were also involved in the variations of oil content. In fact, almost all of the epistatic interactions for oil content detected previously could not be detected in different studies, suggesting that they are sensitive to environmental and genetic factors. In our present work, no significant epistatic interaction of pairwise loci has been identified in all trials. Han (1990) showed that while the additive-dominant model could be used to explain the genetic basis of oil content, the additive effects were the major factor. Though some other studies (Wu et al. 2006; Wang et al. 2010 ) had different views of point about genetic basis of oil content, they also showed that the additive effect was the main factor contributing to variations in oil content. In addition, Li et al. (2013) suggested that the 26 loci associated with oil content of maize identified by association mapping could explain up to 83% of the phenotypic variation using a simple additive model. Thus, it could be possible for breeders to combine the alleles from different genetic backgrounds to improve oil content of oilseed rape through MAS. In order to fine map the QTL for oil content, we developed NILs to decrease the effects of genetic background. The traditional method of developing NILs is to construct the populations by consecutive backcrossing (CB-NIL) (Tankley et al. 1996) . However, backcrossing of at least four generations and screening with tighter linkage markers are required in that process, which is time-consuming and laborious. Another method is to construct NILs based on genotype identification of heterozygous target region by screening the flanking molecular markers (Tuinstra et al. 1997 ). This method has been successfully used to develop NILs for validation and fine mapping of spikelets per panicle QTL in rice Zhang et al. 2009 ). The genetic effects and explained values of trait variations of these QTL can be increased in the corresponding NILs developed from RIL population. In our study, qOC-A10 was detected across environments and populations, and it explained approximately 10% of the total phenotypic variation in RIL populations. However, the explained trait variation by this QTL is 22.73% with high LOD value of 9.99 in NILs-qOC-A10 developed from RILsF 4:5 . In further study, we will enlarge the NIL population and enhance the resolution of qOC-A10 local LG to fine map it and explore the possibility of cloning it.
